Pathogenic bacteria have many strategies for causing disease in humans. One such strategy is the ability to live both as single-celled motile organisms or as part of a community of bacteria called a biofilm. Biofilms are frequently adhered to biotic or abiotic surfaces and are extremely antibiotic resistant. Upon biofilm dispersal, bacteria become more antibiotic susceptible but are also able to readily infect another host. Various studies have shown that low, nontoxic levels of nitric oxide (NO) may induce biofilm dispersal in many bacterial species. While the molecular details of this phenotype remain largely unknown, in several species, NO has been implicated in biofilm-to-planktonic cell transitions via ligation to 1 of 2 characterized NO sensors, NosP or H-NOX. Based on the data available to date, it appears that NO binding to H-NOX or NosP triggers a downstream response based on changes in cellular cyclic di-GMP concentrations and/or the modulation of quorum sensing. In order to develop applications for control of biofilm infections, the identification and characterization of biofilm dispersal mechanisms is vital. This review focuses on the efforts made to understand NOmediated control of H-NOX and NosP pathways in the 3 pathogenic bacteria Legionella pneumophila, Vibrio cholerae, and Pseudomonas aeruginosa.
Introduction
Bacteria are adaptable microorganisms that can cause infectious disease in humans. Not only can pathogenic bacteria evade host defenses, they can evolve resistance to those defenses as well as antibiotic treatments. Due to the increased prevalence of antibiotic-resistant strains, as well as the emergence and reemergence of infectious diseases, pathogenic bacteria pose an imminent threat to public health and welfare [1] . Therefore, it is imperative to identify and characterize the complex mechanisms used by microorganisms to cause infection, especially those used to develop persistent and chronic infections.
There is a diverse set of bacterial pathogens, but they use common strategies to invade, survive, and proliferate Originally identified as a poison and pollutant, NO, a diatomic, cell-permeable, free-radical gas, is now also recognized as a ubiquitous signaling molecule in both eukaryotic and bacterial organisms [10] . At higher concentrations (>∼1 µM), NO has cytotoxic properties, but at lower concentrations (<∼1 µM), NO mediates downstream signal transduction pathways to control many physiological processes [11] .
As an intracellular cytotoxic agent, NO converts to reactive nitrogen species in the presence of oxygen or superoxide radicals to induce damage of biological macromolecules, such as lipids, DNA, and proteins [11] . Owing to the power of nitrogen radical production from NO, humans use it as a key component of the immune system: dendritic cells, neutrophils, and macrophages produce NO by inducible NO synthases (iNOS) to defend against harmful cells, including bacteria, viruses, and cancerous cells [11] [12] [13] . The cytotoxic properties of NO have also been harnessed for practical applications; for example, the addition of nitrite (NO 2 -), which dismutates to NO at low pH, to meat packaging prevents bacterial spoilage [13, 14] .
Because of the antimicrobial properties of NO, bacteria have evolved strategies to protect themselves from high NO levels and nitrosative stress. For example, in P. aeruginosa, the NO-responsive transcription regulator FhpR activates the gene of flavohemoglobin (fhp), which detoxifies NO by converting it to nitrate under aerobic conditions [15] . This and other NO-responsive regulators involved in NO detoxification, such as respiratory and flavorubredoxin NO reductases, have been reviewed previously [16] . Of particular relevance for the bacteria of interest in this review, nitrosative stress resistance in V. cholerae O1 and O139 [17] and biofilm development in P. aeruginosa [6] are well characterized as NO stress responses. For more information about the stress response pathways triggered by NO in bacteria, please refer to reviews by Cole [18] and Bowman et al. [19] .
Paradoxically, in some cases, high concentrations of NO may serve a protective role in bacteria. For example, NO may protect bacteria from antibiotic-induced oxidative stress by either chemical modification of antibiotics or induction of aerobic respiration [20, 21] . This strategy has been shown in a few bacterial species, primarily grampositive pathogens, that have the ability to endogenously produce NO by bacterial NO synthases (bNOS) [21] . Furthermore, because biofilm formation is a protective response in bacteria, the high concentrations of NO produced during mammalian inflammatory responses have been shown to facilitate biofilm adhesion on human tissue as well as intravenous medical devices [22] .
Intracellular NO signaling, on the other hand, occurs at sub-micromolar concentrations. In mammals, NO endogenously produced from the oxidation of arginine by endothelial or neuronal NO synthase (eNOS, nNOS) binds to the heme cofactor of soluble guanylyl cyclase (sGC), which induces production of the secondary messenger cyclic 3′,5′-guanosine monophosphate (cGMP), which in turn goes on to control vasodilation, myocardial function, neurotransmission, and platelet aggregation [23] . In bacteria, NO has been implicated in signaling processes to regulate physiological processes, including virulence, biofilm regulation, gene expression, and cell morphology [24] . For example, low levels of NO (10 -12 to 10 -9 µM) from NO donors have been shown to induce biofilm dispersal in various bacterial species, including the pathogens P. aeruginosa [6] , L. pneumophila, and V. cholerae [25] .
Insight into how and when pathogens encounter NO during the natural course of infection has both clinical and physiological relevance. Bacteria may encounter NO produced from endogenous or exogenous sources. A schematic overview of some of these mechanisms is shown in Figure 1 . Briefly, as mentioned above, a few bacterial species encode a protein similar to mammalian NOS, called bNOS, which produces NO through the oxidation of arginine [21] . Many bacteria, including P. aeruginosa, produce NO as an intermediate in anaerobic respiration known as denitrification [24, 26] . Exogenous sources of NO may include host production from NOS or the breakdown of environmental nitrate (NO 3 -) or nitrite (NO 2 -) [27] . For example, bacteria in the gut may experience NO produced from iNOS expression in human epithelial cells of the small intestine during a host immune response [28] . Bacteria may also experience exogenous NO produced from nitrite by nonenzymatic dismutation in acidic environments [27] , including the airway surface liquid in CF lung disease (relevant to P. aeruginosa infections) [29] or the stomach (relevant to V. cholerae infections) [27] . A common source of nitrite is from dietary nitrates which are reduced by nitrate reductases of anaerobes located in the oral cavity [27] or gut [30] .
Clinical Relevance of NO as an Antibiofilm Strategy
Biofilm formation is a complex and highly regulated process, which is often an adaptation response to environmental cues, such as changes in temperature, pH, nutrient limits, and iron or oxygen levels [31] . There are 3 defined stages in a biofilm life cycle: initial attachment, maturation, and dispersal. Initial attachment of planktonic cells to a surface is facilitated by flagella-mediated motility and pili-mediated adhesion [31] . After attachment, cells in the biofilm upregulate extracellular polysaccharide synthesis and continue to grow [31] . The last step, dispersal, involves release of cells from the biofilm where they are free to colonize another surface or host [31] .
Biofilm production is a protective growth mode for bacteria and a major player in bacterial pathogenicity and infectious diseases. In a human host, biofilm-derived infections are often chronic infections and are the main contributor to nosocomial infections, such as respiratory pneumonia, blood stream and gastrointestinal infections, endocarditis, and infections resulting from contaminated medical devices (e.g., intravenous catheters and heart valves) [2, 31, 32] . Along with the protective barrier provided by extracellular polysaccharide, bacterial cells display increased resistance towards antibiotics and host defenses in part due to the upregulation of efflux pumps. Current biofilm removal and control strategies (e.g., chlorine disinfection and antibiotics) are insufficient for the eradication of biofilm-derived contaminates and infections [4] .
A key approach to preventing biofilm-related diseases and infections may be applications targeting the bacterial NO signal transduction pathways that control biofilm dispersal and related group behaviors. Thus, the identification of NO regulatory pathways involved in the biofilm-to-planktonic cell transition will lead to strategies to eradicate and prevent clinically relevant bacterial infections and diseases. The remainder of this section will focus on what has been established about the clinical relevance of NO in fighting biofilm infections caused by our pathogens of focus. L. pneumophila The waterborne, gram-negative facultative anaerobe and opportunistic pathogen L. pneumophila can cause Legionnaires' disease, a severe form of pneumonia and Pontiac fever in humans [33] . In the environment, L. pneumophila lives in many forms: its planktonic state, inside an amoeba host [34] , or as part of a multi-species biofilm, such as those that are frequently adhered to water systems, such as cooling towers and ventilation or air conditioning systems [33] . L. pneumophila infects humans through the inhalation of contaminated water droplets. Once in a human host, L. pneumophila is able to inhabit and replicate in alveolar macrophages in lung tissue, causing disease.
Current methods, such as long-term chlorine treatment of water systems, are effective in the removal of planktonic cells but are ineffective against biofilm-derived L. pneumophila [33] . Interestingly, Barraud et al. [25] have demonstrated that low, nontoxic levels of an NO donor called sodium nitroprusside (SNP) can induce biofilm dispersal and markedly enhance the antimicrobial efficacy of antibiotic applications against many bacterial biofilms, including multi-species biofilms isolated from water systems. In particular, pretreatment with approximately 500 nM SNP (∼500 pM NO) for 18 h increased chlorine efficacy by 20-fold and resulted in ∼85% removal of multi-species biofilms from a recycled water distribution system [25] .
V. cholerae
Similar to L. pneumophila, V. cholerae, the causative organism of cholera, is a waterborne, gram-negative facultative anaerobe and opportunistic pathogen. V. cholerae causes infection through contaminated water or food. Once ingested, V. cholerae colonizes the surface of the small intestine and releases virulence factors (toxin coregulated pilus and cholera toxin) that cause acute diarrhea in humans [28] . Transmission of V. cholerae can also occur from host to host [28] . Effective transmission of V. cholerae, either from host to host or environment to host, depends on the protection imbued by biofilm formation. In order for V. cholerae to enter the intestine, it has to avoid acid shock in the stomach and avoid bile and other host defenses inside the gut; furthermore, ingestion of a biofilm delivers a higher concentration of the bacterium and increases the likelihood of the production of virulence factors once inside the intestine [28] .
Although quite ineffective against biofilms, the use of antibiotics in combination with NO to fight V. cholerae infections is proving to be a convincing strategy. Barraud et al. [25] showed that V. cholerae biofilms were only reduced by 21% in vitro when treated with 14 µM tetracycline, whereas a nontoxic concentration of NO (500 µM SNP = ∼500 pM NO) reduced V. cholerae biofilms by 73%. Combining the two was shown to be even more effective in biofilm reduction: exposure to 14 µM tetracycline after pretreating V. cholerae biofilms with 500 nM SNP provided a 90% reduction in biofilms compared to the untreated controls [25] .
P. aeruginosa
Like L. pneumophila and V. cholerae, P. aeruginosa is a gram-negative facultative anaerobe and an opportunistic pathogen. P. aeruginosa is a leading cause of respiratory infections in CF patients and is thought to be responsible for a majority of nosocomial infections [35] . P. aeruginosa is capable of both planktonic and biofilm modes, which are frequently linked to oxygen availability. When oxygen levels are low, P. aeruginosa switches from aerobic to anaerobic respiratory growth to obtain energy from nitrate respiration, also known as the denitrification pathway ( Fig. 1) [36, 37] . Denitrification involves the sequential 8-electron reduction of NO 3 -to nitrogen gas by 4 reductases [37] . Aside from low oxygen concentrations, denitrification can also be activated by NO [38] . The anaerobic and aerobic metabolic pathways are both dependent on nitrite reductase activity in P. aeruginosa [26] . Under aerobic conditions, NO favors swarming motility derived from an upregulation of the production of flagella and type IV pili and the biosynthesis of biosurfactant rhamnolipid [6] . Under anaerobic metabolism, accumulation of NO, an intermediate of denitrification, contributes to biofilm formation due to the repression of nitrite reductase activity [39] . This ability to switch between metabolic pathways and to form biofilms under anaerobic conditions greatly contributes to P. aeruginosa survival and persistence during host infection.
The pathogenesis of P. aeruginosa in the CF airway illustrates how the pathogen thrives in the adverse environment of the CF lung, adapting and responding to environmental changes through regulation of biofilm formation. There are two general forms of P. aeruginosa found in the CF lung: a nonmucoid-type strain found in the aerobic airway lumen and a mucoid-type strain found within the hypoxic mucus lining of the CF airways [37] . Although both form biofilm, mucoid P. aeruginosa grows more robust biofilms and is more resistant to antibiotics than the nonmucoid strain, due to an increase in alginate biosynthesis and extracellular DNA [37] . Likewise, in vitro biofilms grown anaerobically are more robust and more resistant to antibiotics than those grown under aerobic conditions; thus, it has been concluded that denitrification markedly aids in P. aeruginosa pathogenesis and physiology [37] .
As with L. pneumophila and V. cholerae, antibioticassisted death of planktonic cells upon NO-induced biofilm dispersal almost completely eradicates P. aeruginosa biofilms in vitro [6] . This approach may be especially important for treatment of P. aeruginosa biofilm-based infections, especially considering that treatment with antibiotics alone has been shown to elicit an enhancement of biofilm in vitro [40] . Indeed, a proof-of-concept study suggests that this strategy is very effective against chronic P. aeruginosa infections in CF patients [41] . Clinical isolates from CF sputum were treated with NO and 5 µg mL -1 tobramycin, which resulted in almost complete eradication, while tobramycin alone induced 243% more biofilm growth. NO treatment alone resulted in a reduction in biofilm biomass along with an enhancement of planktonic cell count [41] . The investigators went on to apply the same treatment to 6 CF patients, which resulted in a marked reduction in detectable levels of P. aeruginosa biofilms in their lungs after 5-7 days of treatment with 10 ppm of inhaled NO gas for 8 h per day and treatment with antibiotics [41] . Unfortunately, however, detectable levels of P. aeruginosa were restored in the patients 10-13 days after treatment [41] . Nonetheless, this approach could be optimized or be more effective in treating early or chronic CF lung infections.
NO Sensors that Affect Group Behaviors: H-NOX and NO Sensor Protein
As discussed above, there is reason to believe that NO, at low concentrations, could be an effective treatment for some biofilm-based infections due to its ability to trigger biofilm reduction [5, 6, 25] . NO is also involved in other aspects of bacterial group behaviors, particularly quorum sensing [42] . The remainder of this article will focus on what is currently understood about the biochemistry of the NO sensors and NO-responsive signaling pathways that have been implicated in responding to NO and regulating biofilm and quorum sensing.
The best understood NO signaling pathways are mediated by hemoproteins. In eukaryotes, the NO receptor sGC, mentioned briefly above, features a NO-responsive heme-binding domain fused to a catalytic guanylate cyclase domain that responds to picomolar amounts of NO to catalyze the production of cGMP from GTP [23] . The cyclic nucleotide cGMP is a secondary messenger molecule that, in mammals, mediates downstream signal transduction pathways by activating protein kinases, phosphodiesterases (PDEs), and ion-gated channels [43] . In sGC, the heme domain is a member of the H-NOX (heme-nitric oxide and oxygen binding domain) family of NO sensors, members of which are also encoded in bacterial genomes [44] .
In facultative anaerobes, H-NOX proteins are typically found as stand-alone hemoproteins that have been shown to regulate c-di-GMP (bis-[3′-5′]-cyclic dimeric guanosine monophosphate) metabolizing enzymes or histidine kinases (HKs) in trans [8] . We have collectively named these H-NOX partner proteins H-NOX-associated c-di-GMP processing enzymes (HaCE; Fig. 2a ) or H- NOX-associated HKs (HahK; Fig. 2b, c) , respectively. Upon NO binding to the Fe(II) ion of the heme cofactor, a signal is transmitted from the H-NOX domain to the effector domain, which regulates HahK autophosphorylation or HaCE activity. In some Vibrio, H-NOX-associated HKs have been shown to be involved in quorum sensing circuits, and thus may be known as HqsKs (H-NOX-associated quorum sensing HKs).
H-NOX was the first dedicated NO sensor discovered in bacteria [45] ; it is conserved in ∼250 independent bacterial species, but it is not encoded in all NO-responsive bacteria [44] . Thus, a recent pursuit for the identification of an alternative bacterial NO sensor led to the discovery of a new NO sensor named NO sensor protein (NosP) [7, 46] . It was discovered that, like H-NOX, NosP, also a hemoprotein, responds to low levels of NO and is commonly found co-cistronic with signaling proteins, including HKs and cdi-GMP metabolizing enzymes (Fig. 2c) [7] . Compared to H-NOX, NosP is more widely conserved, found in greater than 800 independent bacterial species, but, unlike H-NOX, NosP is found almost exclusively in bacteria [46] .
Well-characterized H-NOX pathways [8, 23, 42, 44, 47, 48] , along with the recent progress in the characterization of NosP pathways [7, 46] , have directed our understanding of the molecular basis of NO signaling in bacteria, particularly in gram-negative facultative anaerobes. These sensors have been shown to regulate bacterial communal behaviors in response to NO, usually involving cdi-GMP signaling, two-component signaling, or quorum sensing. To be consistent with H-NOX nomenclature, we have collectively named NosP-associated HKs NahKs and NosP-associated quorum sensing kinases NqsKs, but in some cases these kinases are also known by other names, which will be noted below.
Cyclic di-GMP Signaling Involving Catalytic PDEs and Cyclases
One commonality of bacterial pathogenicity is biofilm formation, which is strongly correlated with intracellular c-di-GMP levels [49] . The bacterial 2nd messenger c-di-GMP regulates various bacterial physiological processes and contributes to several aspects of bacterial pathogenesis, including virulence, pathogen transmission, and chronic infections [32] . C-di-GMP signaling promotes motility-to-sessility transition in bacteria by targeting downstream pathways responsible for the biosynthesis of flagella, pili, and extracellular DNA and polysaccharides, components that are necessary for surface-associated biofilms [49] . Typically, high intracellular levels of c-di-GMP favor biofilm formation, whereas planktonic motile cells are favored at low c-di-GMP levels. Intracellular levels are controlled by c-di-GMP metabolizing enzymes: PDEs lower c-di-GMP levels by the hydrolytic cleavage of the phosphate ester bond of c-di-GMP to yield its linear form pGpG (5′-phosphoguanylyl-[3′-5′]-guanosine), and, on the other hand, diguanylate cyclases (DGCs) enhance c-di-GMP levels by catalyzing the condensation of two GTP molecules to yield c-di-GMP. In response to NO, H-NOX or NosP may control c-di-GMP metabolism by the regulation of an associated DGC and/or PDE enzyme directly (Fig. 2a) or indirectly through regulation of a kinase that, in turn, regulates a DGC or PDE [7, 8] . For instance, in H-NOX pathways, NO may "switch on" PDE activity [48] or "switch off" cyclase activity [47, 48] , which results in decreased intracellular c-di-GMP concentrations upon NO binding to the prosthetic heme of the NO sensor [47, 48] . Altogether, NO-induced biofilm dispersal [5, 6, 25] may be a result of reduced intracellular levels of c-di-GMP via H-NOX or NosP, regulating its cognate c-di-GMP metabolizing enzyme in trans in response to NO.
Two-Component Signaling Involving Sensor HKs
NO-dependent modulation of HKs can be generally classified as two-component sensory pathways. Twocomponent signaling pathways involving H-NOX or NosP proteins that regulate their respective HKs (HahK or NahK) are commonly found in gram-negative facultative aerobes [7, 8, 44] . These systems are typically composed of the NO sensor, the HK, and one or more response regulator proteins. In short, the NO sensor regulates the autokinase activity of its associated HK, and the signal phosphate is then transferred from the HK to a response regulator protein via a histidine-to-aspartate phosphotransfer reaction (Fig. 2b) . Another commonality, as shown in Figure 2c , is the involvement of an additional accessory protein, a histidine-containing phosphotransfer protein (Hpt), that works in conjunction with a hybrid HK (a HK that contains an internal receiver domain), and, thus, instead of one, two histidine-toaspartate phosphorelay steps occur. Here, after HK autophosphorylation, the phosphoryl group is shuttled within the HK (via histidine-to-aspartate phosphorelay) and then transferred to the histidine residue of the Hpt, which ultimately transfers the phosphoryl group to the receiver domain of a cognate response regulator (Fig. 2c) . Ultimately, the activated response regulator controls the output of the NO-dependent signaling pathways. Frequently, this response regulator is an effector protein that has PDE activity or is a transcription factor [44] .
Quorum Sensing
Quorum sensing is cell-to-cell communication used by bacteria to regulate group behaviors in a cell densitydependent manner [50] . Quorum sensing circuits control the expression of genes involved in host colonization [51] , biofilm formation and dispersal [51] , and the expression of virulence factors in microbes [50] , among other group behaviors. In this regulatory system, bacteria cells communicate with other cells by synthesizing, releasing, and responding to chemical signaling molecules called autoinducers. In some cases, NO signaling pathways involving H-NOX or NosP may be directly or indirectly involved in quorum sensing (discussed in the forthcoming section).
The remainder of this review will discuss common mechanisms seen in H-NOX and NosP regulatory systems that mediate biofilm formation, c-di-GMP signaling, and quorum sensing in 3 gram-negative facultative pathogens. A summary of all mechanisms reviewed in this paper is found in Table 1 . For more in-depth reviews on the molecular basis of NO signaling pathways, please refer to recent reviews by Nisbett and Boon [8] , Williams et al. [52] , and Hossain et al. [7] .
NO Signaling in V. cholerae
In V. cholerae, as well as other bacteria, responding to environmental cues to switch between motile and sessile states contributes to persistence and survival inside a human host. For example, for propagation, V. cholerae must in turn transverse the human gut, colonize the small intestine, and then detach from epithelial cells to prepare for transmission to another host [53] . There are two NOassociated signaling pathways that have been characterized in V. cholerae, one involving NosP and the other involving a H-NOX protein, and both modulate biofilm formation [7] . Along with regulating biofilm formation, the H-NOX pathway is indirectly associated with densitydependent quorum sensing, and NosP is directly involved in V. cholerae's quorum sensing pathway. Thus, these two NO-associated pathways both contribute to the interconnectivity between biofilm formation and quorum sensing in V. cholerae. Along with briefly describing these two signaling pathways and their role in biofilm formation in V. cholerae, this section will give a glimpse into how NOassociated signaling may work synergistically with density-dependent quorum sensing. motile-to-sessile transitions in bacteria by responding to cell density population. In this bacterium, cells communicate using two autoinducers named CA-1 ([S]-3-hyroxytridecan4-one) and AI-2 ([2S,4S]-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran borate) [54] , and information relayed from the autoinducers is processed by two-component signaling. In more detail, quorum sensing in V. cholerae involves several HKs that initialize the phosphotransfer from a Hpt named LuxU (VC1022) to a response regulator named LuxO (VC1021), which ultimately leads to the repression of virulence factors and the expression of genes responsible for polysaccharide biosynthesis at low autoinducer levels [50, 55] . Specifically, for V. cholerae, in the low cell density state, autoinducer receptors function as kinases to transfer phosphate to the response regulator LuxO [50] . Phosphorylated LuxO ultimately leads to the expression of genes required for biofilm formation and virulence factor production. Conversely, at high cell density, the receptors switch to phosphatases, leading to dephosphorylated LuxO which contributes to the repression of biofilm formation and virulence factor production [50] . This output is a result of HapR, a quorum sensing transcription factor, activation by the dephosphorylation of LuxO leading to the activation or repression of genes responsible for the degradation or biosynthesis of cyclic di-GMP and polysaccharides, respectively [54] . Overall, in V. cholerae, motility is favored at high cell density, and biofilm formation is favored at low cell density, which is regulated by the dephosphorylation and phosphorylation of LuxO via quorum signaling.
Connection between Quorum Sensing and Biofilm

NO/NosP-Regulated Two-Component Signaling Pathway Involving Quorum Sensing and Repressed Biofilm Formation
In the same quorum sensing pathway described above, there is a HK that is not dependent on cell density but on a NosP-mediated NO-signaling pathway that follows the system in Figure 2c . Accordingly, V. cholerae contains a NosP gene (VC1444, previously referred to as VpsV) that is co-cistronic with a hybrid HK and, corresponding to its involvement in quorum sensing, named VpsS (VC1445). We have shown that upon NO binding, NosP inhibits VpsS ATP-dependent autophosphorylation [Heckler et al., submitted]. Similar to high autoinducer concentration in density-dependent quorum sensing, biofilm dispersal may result from kinase inhibition. This result is consistent with a study showing enhanced biofilm formation when VpsS is overexpressed in wild-type V. cholerae [55] . Thus, NO may be able to mediate biofilm dispersal using a NosP/ VpsS pathway that is directly involved in quorum sensing.
NO/H-NOX-Regulated Two-Component Signaling Pathway Involving c-di-GMP Signaling and Enhanced
Biofilm Formation V. cholerae encodes a H-NOX/HK system (Fig. 2b ) consisting of a H-NOX (VCA0720) and a cognate HahK (VCA0719). The HahK regulates two response regulators: one is an active PDE (VC1086) containing a conserved EAL amino acid motif and the other is a degenerate PDE (VC1087) containing a conserved HD-GYP amino acid motif [44] . The EAL response regulator VC1086 is activated by HahK via phosphotransfer [44] and favors biofilm dispersal; a phenotype displayed by VC1086 overexpression in a quorum sensing-deficient mutant ∆luxO due to a reduction in intracellular c-di-GMP levels and repression of biofilm formation in V. cholerae [54] . VC1086 is activated by the quorum sensing transcription factor HapR, which also represses other genes responsible for the biosynthesis of polysaccharide and c-di-GMP, at low cell density [54] . Thus, although this H-NOX/HahK system involving VC1086 is independent from the quorum sensing pathway, this NO-responsive pathway indirectly contributes to V. cholerae's motility response at low cell density.
However, in the presence of NO, this H-NOX/HahK pathway favors biofilm formation due to suppression of the activity of HahK which subsequently decreases phosphorelay-dependent activation of VC1086 [56] . This effect, NObound H-NOX inhibition of HahK, was also shown in other gram-negative facultative anaerobes, including L. pneumophila [47] , Shewanella oneidensis [56] , Vibrio fischeri, Vibrio harveyi, Vibrio parahaemolyticus, and Pseudoalteromonas atlantica [8] . Also, corresponding to the NOmediated repression of VC1086 activity, but shown in a H-NOX/HK pathway containing an analogous response regulator, in the presence of NO, H-NOX contributes to increasing intracellular c-di-GMP levels by the inhibition of HahK, which, in turn, increases biofilm formation in S. oneidensis [56] . Although nontoxic levels of NO donor induce biofilm dispersal in V. cholerae [25] , this particular NO signaling pathway may favor NO-induced biofilm formation. Hence, it was proposed that this specific H-NOX/ HahK signaling pathway may play a role in biofilm formation during V. cholerae colonization, with the assistance of NO, in the acidic environment of the gut [56] .
NO Signaling in L. pneumophila
Thus far, two NO-associated signaling pathways have been characterized in L. pneumophila, one involving a H-NOX/HaCE system (Fig. 2a) Finally, it must be mentioned that in addition to NosP, the chemotaxis transducer BdlA (biofilm dispersion locus A) and the MHYT-coupled PDE NbdA (NO-induced biofilm dispersion locus A) have both been implicated in biofilm dispersal upon NO detection, each through decreasing cyclic di-GMP concentrations [58, 59] . It is not yet clear if or how these proteins may be functionally linked to NosP.
Conclusions
Biofilm-forming pathogens have negative implications in medical and industrial settings. This bacterial physiological response, biofilm formation, is a cellular adaption and survival strategy that prepares the cell for host infection and contributes to antibiotic resistance. Biofilm dispersal facilitates the transmission of pathogens, although planktonic cells are more susceptible to antibiotics. NO, an essential signaling molecule sensed by bacteria, is involved in regulatory pathways that appear to primarily aid in bacterial cell release from biofilms (Table  1) . Furthermore, studies have shown that combined NO and antimicrobial treatment is an excellent strategy to treat biofilm-derived infections in a host [41] or, as seen with NO-enhanced chlorine disinfection of L. pneumophila biofilms, can be used as a biofilm control and removal strategy in the environment and industrial setting [6, 25] . Thus, further analysis of the NO-based biofilm dispersal by NosP and H-NOX regulatory systems may lead to improvement of current approaches or lead to new strategies to alleviate or prevent harmful biofilms.
